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Investigation of the electrorheological effect of silicone-oil suspensions of silica particles coated with 
polyaniline base in a DC electric field revealed that breaking stress, as a criterion the intensity of the 
electrorheological phenomenon, steeply increased at first with coating thickness. At relatively low 
polyaniline content (volume fraction'" 0.05), it has reached a value several times higher than that 
with suspension of pure silica. Then they became virtually constant or slightly increased. The 
frequency spectra of dielectric characteristics of these systems reflect high relaxation times. The 
results suggest that the interfacial polarization of particles is predominantly controlled by 
polarizabiJity of their surface layer, and the influence of the thickness is of secondary importance. 
1 Introduction 
The electrorheological (ER) effect is defined as a reversible change in the structure of a 
suspension composed of solid particles dispersed in liquid medium after application of an 
electric field. It has been studied for many years and has been the object of many studies 
and reviews [1-6]. The polarized particles dispersed in a non-conducting medium create 
chains or columns oriented in the electric-field direction. They have a much higher 
resistance against deformation than randomly dispersed particles in a field-off suspension. 
In many cases, polarization forces are so high that a yield stress of the fluid appears. i. e. 
the material displays a solid-like structure. Due to shear forces such structure may be 
destroyed at high shear rates and, consequently, the apparent viscosity of suspension 
decreases to a value observed in the absence of electric field. 
Naturally, it was tempting to utilize this phenomenon in practice in a variety of 
technical applications, such as clutches, torque transducers, dampers, etc. However, there 
are still great difficulties in practical engineering due to insufficient performance of the 
fluid studied so far. 
Many powdered materials, both organic and inorganic, have been proposed as 
suspension particles. Among them, semi-conducting polymers, such as polyaniline 
(PANI), polypyrrole, polythiophene, poly-p-phenylene and various copolymers have been 
shown to be most promising [7-20]. Especially the structured particles with different 
core/shell dielectric properties have been objects of recent investigation [21-23]. In our 
previous study [22] of various silicas coated with PANI, we have found that the 
polarizability of particles is not significantly affected by the shape and size of the core. 
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On the other hand, the ER effect considerably increased after the particles were coated 
with a thin layer of P ANI. It is of interest if the ER behaviour would be affected by the 
thickness of PAN I overlayer. The elucidation of this problem is an object of this study. 
2 Experimental 
2. J Coating of silica particles with polyaniline base 
Five samples of silica particles (Ultrasil VN 3, Degussa-Hiils, Germany; average particle 
size of 18 11m) coated with a layer of P ANI base have been prepared by the oxidative 
polymerization of aniline [24] and subsequent deprotonation. To various amount of silica, 
1-30 g, a 100 ml of reaction mixture containing 0.2 M aniline hydrochloride and 0.25 
ammonium peroxydisulfate [25] has been added at 20°C. This volume of reaction 
mixture generates ca. 2 g of P ANI hydrochloride and, by varying the silica gel content, 
the various weight fractions of PAN I in the composite could be achieved (Table 1). Next 
day, the PANI-coated particles were separated on a filter and PANI salt deprotonated with 
an excess of 1 M ammonium hydroxide to the corresponding P ANI base. After washing 
with acetone, the particles coated with P ANI base were dried in air and then in vacuo 
at 60 cC. 
Table 1. Silica gel particles coated with a PANI base 
Sample code SI S2 S3 S4 S5 S6 S7 
Content of PAN I (wt. %): o 5.7 8.3 15 37 64.3 100 
2.2 Particle characterization 
The silica particles were porous and had an apparent density Ps ~ 0.8 g cm-3• Considering 
the average size of silica particles, D ~ 18 11m, and the density of P ANI base [25], 
PPANI = 1.24 g cm-3, the thickness of PANI layer would range from 0.1 to 2.2 11m 
provided that all P ANI had been deposited as a film on the surface of silica particles. 
The micrographs (Fig. 1) obtained with optical microscopy (Zetopan Pol, Reichert, 
Austria) demonstrate the uniform coating of silica, except for sample S7 where large 
particles of PAN I powder were present. 
2.3 Suspension preparation 
Two series of 11.8 vol. % suspensions of silica particles in silicone oil (Fluid 200, Dow 
Coming, UK; viscosity 11c = 108 mPa s, density Pc = 0.965 g cm-3) have been prepared 
and their ER behaviour compared. The series number one was represented by suspensions 
of P ANI -coated particles having various P ANI content. In the series number two, silica 
and P ANI powder were mixed in various proportions. 
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Figure 1. Micrographs of the neat and PAN I-coated silica particles. Content of PAN I (wI. %): (a) 0, (b) 
5.7, (c) 64.3, (d) 100. 
2.4 Electrorheology 
Measurements of rheological properties were carried out at 20°C using a Bohlin Gemini 
coaxial cylinder viscometer (Bohlin Instruments, UK). The suspensions were placed in 
the Couette cell with a rotating inner cylinder of 14 mm in diameter and the outer cylinder 
separated by a 0.7 mm gap. They were connected to a DC power supply (TREK 668B, 
TREK, USA) producing a field strength E = 0.5-2 kV mm-I. The suspensions were 
mechanically stirred before each ER measurement. Particle sedimentation during 
measurement was negligible. 
2.5 Dielectric measurement 
Dielectric properties involving the frequency spectra of relative permittivity, s', and 
relative dielectric loss, S", in the frequency range 10 - 105 have been measured with Hioki 
3522 RCL Tester, Hioki, Japan. 
3 Results 
The dielectric measurements showed that both relative permittivity and relative dielectric 
loss factor of P ANI -coated particles suspensions increase with P ANI content. The 
relaxation maxima on the e" - f plots of suspensions of coated particles occur at very 
low frequencies «10 Hz) and with higher PANI content shift to the right. On the other 
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hand in case of suspensions of P ANI powder/silica mixtures the relaxation frequencies 
were alike and corresponded to the value of pure P ANI sample. Depending on P ANI 
content in the mixture the magnitude of the maxima on the frequency spectra of the 
relative dielectric loss factor incerased. 
The comparison of the efficiency of investigated suspensions was performed using a 
breaking stress 'tb obtained by controlled shear stress measurement (Fig. 2). 
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Figure 2. The dependence of the shear stress on the shear rate in controlled shear stress mode. Electric field 
strength E (kV mm· l ): 0 0, b. 0.5,0 I, \l 1.5,02. 
This quantity represents a maximum stress at which the particle chains formed in the 
electric field remain undestroyed by shear forces and characterizes the stiffness of particle 
chain-like structure more reliably than the dynamic yield stress evaluated through an 
extrapolation of the curly course of the shear stress to zero shear rate measured in the 
controlled shear rate mode (Fig. 3). 
Figure 4 shows that breaking stress with the thickness of P ANI particle layer at first 
steeply rose and, at relatively low PANI concentration (5.6 wt. %), reached a value 
several times higher than that of uncoated silica suspension. Then, after a small decrease 
it slightly increased to a value corresponding to a suspension of neat P ANI or remained 
virtually unchanged depending on voltage applied. In contrast, in case of the suspensions 
of PANI powder/silica mixtures the breaking stress is significantly lower and only 
continuously increases with the P ANI content. It is clear that a strong ER effect of P ANI 
coated silica particles with relatively low P ANI amount as a consequence of interfacial 
polarization sets in and further increase in the thickness of the particle coating affects the 
ER properties negligible. 
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Figure 3. The dependence of the shear stress on the shear rate in controlled shear rate mode. Points denoted 
as in Figure 2. 
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Figure 4. The dependence of the breaking stress To on the PANI content in coated particles (open points) and 
PANI content in the mixtures with silica (solid points). Electric field strength denoted as in Figure 2. 
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4 Discussion and conclusion 
It is generally accepted that the ER effect is closely related to polarization mechanism in 
suspension particles. The results obtained so far indicate that an appreciable ER effect 
occurs when the relaxation frequency, at which the relative dielectric loss factor 1::" has a 
local maximum, is in the frequency range 10-105 Hz corresponding to the interfacial 
polarization [2, 26-28]. The magnitude of polarization depends on the difference of 
dielectric constants e' below and above this frequency value. Besides, conductivity of 
suspension particles should be not very low [28]. 
An initial increase of ER efficiency of silica particles due to P ANI coating is easy to 
understand. On the other hand, however, the results revealed that thickness of the PANI 
layer affects the ER properties negligibly or only very little. It is clear that this behaviour 
is a consequence of the mechanism of interfacial polarization of particles controlled by 
charge carriers migration predominantly on the particle surface or in the double layer. 
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